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We investigate the constraints on the scalar, vector and spin-3/2 dark matter interaction with the
standard model particles, from the observations of dark matter relic density, the direct detection
experiments of CDMS and XENON, and the indirect detection of the p¯/p ratio by PAMELA. A
model independent way is adopted by constructing general 4-particle operators up to dimension
6 for the effective interaction between dark matter and standard model particles. We find that
the constraints from different experiments are complementary with each other. Comparison among
these constraints may exclude some effective models of dark matter and limit some parameters of
others. The spin-independent direct detection gives strong constraints for some operators, while the
indirect detection of p¯/p data can be more sensitive than direct detection or relic density for light
dark matter (whose mass . 70 GeV) in some cases. The constraints on some operators for spin-3/2
dark matter are shown to be similar to those on their analogous operators for Dirac fermionic dark
matter. There are still some operators not sensitive to the current dark matter direct and indirect
search experiments.
PACS numbers: 95.35.+d, 95.30.Cq, 95.85.Ry
I. INTRODUCTION
It is by now established [1–3] that about 23% of the constituents of the Universe are composed of dark matter
(DM) [4–8]. However, its nature remains unclear. A well-motivated candidate for DM is the weakly interacting
massive particle (WIMP), which must be stable, nonrelativistic, electrically neutral and colorless. If the WIMP mass
is from a few GeV to TeV while their interaction strength is of the weak scale, they can naturally yield the observed
relic density of DM [8]. Although there is no stable WIMP in the Standard Model (SM), WIMP candidates exist
in various theoretical models trying to solve the SM problems at the weak scale, such as supersymmetric models
[5, 9–13], extra dimensional models [14–21], little Higgs models [22–26], left-right symmetric models [27–30], and some
other models (e.g. [31–34]).
The specific models mentioned above are very attractive, but still lack experimental support. The well-running
LHC experiment may find some important signals of these models in the near future. However, if other new particle
species are all so heavy that the DM particle is the only new particle within the reach of LHC, it will be very difficult
to know which model the DM particle belongs to. In addition, it is possible that the DM particle may be first
observed by direct or indirect detection experiments. These early observations may only provide information about
some general properties of the DM particle, and may not be able to distinguish the underlying theories. Therefore, the
model-independent studies of the DM phenomenology can play an important role as they may avoid theoretical bias
[35–40]. Recently there have been quite a few papers to study various phenomenologies related with DM in the model-
independent way [41–58]. Especially the relic density measured by WMAP [3], direct detection from CDMS [59, 60]
and XENON [61, 62], and possible collider signals from Tevatron (e.g. [63, 64]) and from LHC (e.g. [65, 66]) are
considered in these studies.
In our previous work [50], we investigated a general set of 4-fermion operators for the effective interaction between
the spin-1/2 fermionic DM and the SM particles, and gave the phenomenological constraints from the observed DM
relic density, the direct detection experiments by CDMS and XENON, and the indirect detection of the p¯/p ratio
by PAMELA [67]. It was found that the constraints from different observations are quite complementary. Besides
the possibility of spin-1/2 WIMPs, it is also possible that DM is composed of scalar, vector, or spin-3/2 WIMPs,
which belong to different representations of Lorentz group. In these cases, the forms of possible effective operators are
different. These differences may lead to distinguishable phenomenological results. In this work we extend our previous
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2analysis to the cases of scalar, vector and spin-3/2 DM. We will consider a general set of 4-particle operators up to
dimension 6 for the effective interaction between the WIMPs and the SM fermions and compute their phenomenological
constraints. We will use the updated limit of XENON100 SI direct detection [61], which is stronger than that adopted
in our previous work [50].
This paper is organized as follows. In Sections II and III, the effective models of scalar and vector DM are discussed,
respectively. In the subsections of these two sections, we explore the constraints on these models from the DM relic
density, direct and indirect detection searches and the validity of effective theory, and then present the combined
constraints on the effective coupling constants of these models. In Section IV, the study on the effective models of
spin-3/2 DM are carried out briefly. The conclusions are given in Section V.
II. SCALAR DARK MATTER
Let us begin with the case that DM consists of complex scalar WIMPs (φ and its antiparticle φ†). We will add
remarks when there is a notable difference between this case and the case of real scalar WIMPs. In order to study
phenomenologies in a model-independent way, we construct effective interaction operators between the WIMPs and
the SM particles. These interaction operators are limited only by the requirements of Hermiticity, Lorentz invariance
and CPT invariance.
We make the following assumptions similar to those in Ref. [38, 50]: (1) The WIMP is the only new particle species
at the electroweak scale, and any other new particle species is much heavier than the WIMP. This implies that the
thermal relic density of the WIMP is not affected by resonances or coannihilations. Thus it is possible to describe
the interaction between the WIMPs and the SM particles in terms of an effective field theory. (2) The WIMP only
interacts with the SM fermions through a 4-particle effective interaction of φ†-φ-f¯ -f type, but not with gauge or Higgs
bosons. For simplicity, this interaction is assumed to be dominated by only one form in the set of 4-particle operators.
(3) The WIMP-antiWIMP annihilation channels to the SM fermion-antifermion pairs dominate over other possible
channels. In other words, the possible channels to final states that include gauge or Higgs bosons are assumed to be
negligible.
The effective interaction term of Lagrangian between two complex scalar WIMPs (φ and φ†) and two SM fermions
(f and f¯) is given by only one of the following expressions:
Scalar int. (S) : LS =
∑
f
FS,f√
2
φ†φf¯f, (1)
Vector int. (V) : LV =
∑
f
FV,f√
2
(φ†i
←→
∂µφ)f¯γ
µf, (2)
Scalar-pseudoscalar int. (SP) : LSP =
∑
f
FSP,f√
2
φ†φf¯iγ5f, (3)
Vector-axialvector int. (VA) : LVA =
∑
f
FVA,f√
2
(φ†i
←→
∂µφ)f¯γ
µγ5f, (4)
where the sum of f is over all the SM fermions, the symbol
←→
∂µ is short for
−→
∂µ−←−∂µ, that is, φ†←→∂µφ ≡ φ†(∂µφ)−(∂µφ†)φ,
and the effective coupling constants Ff are real-valued numbers. Ff have mass dimension of −1 for the dimension-5
operators (S and SP), and that of −2 for the dimension-6 operators (V and VA). We do not consider operators with
more derivatives on the fields since these operators have higher mass dimensions such that they are more suppressed
at low energy scale. Note that for the case of a real scalar WIMP, the WIMP vector current φ
←→
∂µφ vanishes so
that the V and VA effective operators vanish, leaving only the S and SP interactions. Since Ff are real-valued, the
transformation properties of the 4-particle operators, LS, LV, LSP and LVA under C, P and T are the same as the
corresponding 4-fermion operators of Ref. [50]. All the operators are CPT invariant.
Each form of the interaction operators listed above describes an effective model in which the WIMPs couple to
the SM fermions. For each case, we will calculate the corresponding annihilation and scattering cross sections, which
depend on the WIMP massMφ and the coupling constants Ff . Associated with the recent experimental results of the
DM relic density, direct and indirect detection experiments, the phenomenological constraints on Ff can be derived,
respectively. Since the sensitive regions of different kinds of experiments vary in different effective models, it would
be interesting and meaningful to compare these constraints.
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FIG. 1. The predicted coupling constants Ff as functions of the scalar WIMP mass Mφ, fixed by the observed relic density,
ΩDMh
2 = 0.1109±0.0056 [3], in each effective model. Frames in the left (right) column are results given for the case of universal
couplings (Ff ∝ mf ).
A. Scalar WIMP annihilation and relic density
In order to determine the relic density of WIMPs and the source function of cosmic-ray particles derived from
WIMP annihilation in the Galactic halo, which is relevant to the DM indirect detection, we need to calculate the
cross sections of WIMP-antiWIMP annihilation to fermion-antifermion pairs. For each case listed above, the result is
given by
σS, ann =
1
8pi
∑
f
(
FS,f√
2
)2
cf
√
s− 4m2f
s− 4M2φ
(s− 4m2f)
s
, (5)
σV, ann =
1
12pi
∑
f
(
FV,f√
2
)2
cf
√
s− 4m2f
s− 4M2φ
(s− 4M2φ)(s+ 2m2f)
s
, (6)
σSP, ann =
1
8pi
∑
f
(
FSP,f√
2
)2
cf
√
s− 4m2f
s− 4M2φ
, (7)
σVA, ann =
1
12pi
∑
f
(
FVA,f√
2
)2
cf
√
s− 4m2f
s− 4M2φ
(s− 4M2φ)(s− 4m2f)
s
, (8)
where s is the square of the center-of-mass energy, Mφ is the WIMP mass, and cf are the color factors, equal to 3 for
quarks and 1 for leptons. For the case of real scalar WIMPs, due to the identity of WIMP and antiWIMP, the S and
SP annihilation cross sections should include an additional factor of 4 if the Lagrangians are taken to be Eqs. (1) and
(3) with φ† = φ. Eqs. (5) – (8) are also obtained in Ref. [38]. Taking the energy distributions of the initial particles
into account, we need to calculate 〈σannv〉, the thermal average of cross section multiplied by relative velocity (or
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FIG. 2. The predicted thermal relic density (dashed lines) of complex scalar WIMPs with S, V, SP and VA interactions
respectively. In the left (right) column, results are given for the case of universal couplings (Ff ∝ mf ). The narrow horizontal
solid band shows the range of the observed DM relic density, ΩDMh
2 = 0.1109 ± 0.0056 [3].
5Møller velocity, more exactly [68]).
In our previous work [50], following Ref. [68] we calculated 〈σannv〉 in the “lab” frame (in which one of the two
initial particles is at rest), because it can be proved that the calculation in this frame is equivalent to that obtained in
the practical reference frame and more convenient. Thus we can expand s in the lab frame to be s ≃ 4M2φ +M2φv2 +
3
4
M2φv
4+O(v6), and substitute it into Eqs. (5) – (8). Then we have the form σannv ≃ a0+ a1v2+O(v4), which leads
to 〈σannv〉 ≃ a0 + 6a1x−1 +O(x−2) where x ≡ Mφ/T and T is the temperature of DM. On the other hand, we can
also directly calculate 〈σannv〉 in the practical reference frame following the method described in Ref. [69]. These two
methods lead to the same results, i.e.,
〈σS, annv〉 ≃ 1
4pi
∑
f
(
FS,f√
2
)2
cf
√
1− m
2
f
M2φ
[(
1− m
2
f
M2φ
)
+
3
4
(
−2 + 5m
2
f
M2φ
)
T
Mφ
]
, (9)
〈σV, annv〉 ≃ 1
2pi
∑
f
(
FV,f√
2
)2
cf
√
1− m
2
f
M2φ
M2φ
(
2 +
m2f
M2φ
)
T
Mφ
, (10)
〈σSP, annv〉 ≃ 1
4pi
∑
f
(
FSP,f√
2
)2
cf
√
1− m
2
f
M2φ
[
1 +
−6 + 9m2f/M2φ
4(1−m2f/M2φ)
T
Mφ
]
, (11)
〈σVA, annv〉 ≃ 1
pi
∑
f
(
FVA,f√
2
)2
cf
(
1− m
2
f
M2φ
)3/2
M2φ
T
Mφ
. (12)
Note that the above results disagree with those in Ref. [38].
The evolution of the DM abundance is described by the Boltzmann equation
dnφ
dt
+ 3Hnφ = −〈σannv〉
[
nφnφ† − neqφ neqφ†
]
= −〈σannv〉
[
(nφ)
2 − (neqφ )2
]
, (13)
where H ≡ a˙/a = √8piρ/(3M2Pl) is the Hubble rate with MPl denoting the Planck mass, nφ (nφ†) is the number
density of WIMPs (antiWIMPs), and neqφ (n
eq
φ†
) is the corresponding equilibrium number density. For complex scalar
WIMPs without particle-antiparticle asymmetry, we have nφ = nφ† . Thus the total DM particle number density is
nDM = 2nφ [5, 68]. Using the standard procedure [4, 5] to approximately solve the Boltzmann equation (13), we
obtain a relic density of DM particles as
ΩDMh
2 = 2Ωφh
2 ≃ 2.08× 109 GeV−1
(
T0
2.725 K
)3
xf
Mpl
√
g∗(Tf )(a0 + 3a1x
−1
f )
, (14)
where xf ≡ Mφ/Tf with Tf being the freeze-out temperature, g∗(Tf ) is effectively relativistic degrees of freedom at
freeze-out, T0 = 2.725± 0.002 K [70] is the present CMB temperature, and a0 and a1 are coefficients in the expansion
σannv ≃ a0+a1v2+O(v4). The freeze-out temperature parameter xf is evaluated numerically by solving the equation
xf = ln
[
c(c+ 2)
√
45
8
gMφMPl(a0 + 6a1x
−1
f )
2pi3
√
g∗(xf )x
1/2
f
]
, (15)
where the order one parameter c is taken to be 1/2 as usual. A notable difference between this calculation and our
previous work [50] is that the degree of freedom of a scalar WIMP or antiWIMP is g = 1, while that of a fermionic
WIMP is g = 2. The numerical result of g∗(T ) is taken from Ref. [71]. For the case of real scalar WIMPs, nDM = nφ,
and nφ† in Eq. (13) should be replaced by nφ so that the relic density will be one half of that for the complex scalar
case given the same annihilation cross section.
The 7-year observation of WMAP [3] gives the DM relic density ΩDMh
2 = 0.1109 ± 0.0056. With this result we
estimate the relation between the effective coupling constants Ff and the WIMP mass Mφ in each effective model,
as shown in Fig. 1. Two kinds of Ff are considered here. In the left column of Fig. 1, we show the results for the
case when the effective couplings Ff to all the SM fermions are equal (universal couplings). In the right column of
Fig. 1, we show the results for the case of Ff ∝ mf . This kind of proportionality may come from Yukawa couplings
of a Higgs mediated interaction or some other unknown underlying mechanisms. In both cases, Ff decreases as Mφ
increases for fixed ΩDMh
2 in each effective model. Besides, there are several interesting features in Fig. 1:
• In the case of Ff ∝ mf , the curves of Ff vs. Mφ have obvious downward bends at about Mφ ∼ mt = 171 GeV.
The reason is that whenMφ > mt, the annihilation channel φφ
† → tt¯ is opened. Therefore because the couplings
6are proportional to mf , this channel gives a tremendous contribution to the total 〈σannv〉 due to the huge mass
gaps between t quark and other SM fermions.
• In the case of universal couplings, there are 2 pairs of nearly identical curves, that is, S ≃ SP and V ≃ VA if
we denote this approximate identity of the two curves by a notation “≃” for short here and henceforth. From
Eq. (9) – (12) we can see that in each pair their corresponding 〈σannv〉 differ only by terms of O(T/Mφ) and/or
terms of m2f/M
2
φ. These differences are not important when we calculate the cold relic density.
• In the case of Ff ∝ mf , S ≃ SP and V ≃ VA are still almost true except that in some small regions the deviations
of the two nearly identical curves in each pair become larger.
In Fig. 2 the curves of ΩDMh
2 vs. Mφ for fixed coupling constants in the complex scalar WIMP models of S, V,
SP and VA interaction operators are shown. In the left (right) column, results are given for the case of universal
couplings (Ff ∝ mf ). The values of the couplings corresponding to the curves are denoted in each frames. All the
curves in Fig. 2 bend more or less at aboutMφ ∼ 1.3, 4.2 and 171 GeV corresponding to the masses of c, b and t quarks
respectively, due to the opens of these heavy quark annihilation channels. An important qualitative difference between
the curves of effective operators with different mass dimension in both Figs. 1 and 2 is that the curves for dimension-6
operators (V and VA) slope downward, while those for dimension-5 operators (S and SP) remain horizontal in most
mass range. The reason has been showed explicitly in Eqs. (9) – (12). The annihilation cross section for dimension-6
operators have additional factors of M2φ which suppress the relic density of large WIMP mass.
It is worth noting that the results in Figs. 1 and 2 are based on the assumptions presented at the beginning of
this section. Otherwise if resonances, coannihilations or annihilations to final states other than fermion-antifermion
pairs are significant, the actual curves in Figs. 1 and 2 will be much lower than those shown there, as pointed out in
Ref. [38].
10-48
10-46
10-44
10-42
10-40
10-38
10-36
10-34
10-32
100 101 102 103 104
σ
φp
 
(cm
2 )
Mφ (GeV)
Complex Scalar WIMP
Scalar Int.
10 -9
10 -8
10 -7
10 -6
Ff  = 10 -5
 GeV -1
CDMS II (2009) Upper Bound
XENON100 (2011) Upper Bound
10-48
10-46
10-44
10-42
10-40
10-38
10-36
10-34
10-32
100 101 102 103 104
σ
φp
 
(cm
2 )
Mφ (GeV)
Complex Scalar WIMP
Scalar Int.
Ff ∝ mf
10 -7
10 -6
10 -5
10 -4
Ff  × 
—
—
—
1GeV
mf  = 10 -3
 GeV -1
CDMS II (2009) Upper Bound
XENON100 (2011) Upper Bound
10-48
10-46
10-44
10-42
10-40
10-38
10-36
10-34
10-32
100 101 102 103 104
σ
φp
 
(cm
2 )
Mφ (GeV)
Complex Scalar WIMP
Vector Int.
10-9
10-8
10-7
10-6
Ff = 10
-5
 GeV-2
CDMS II (2009) Upper Bound
XENON100 (2011) Upper Bound
10-50
10-48
10-46
10-44
10-42
10-40
10-38
10-36
10-34
100 101 102 103 104
σ
φp
 
(cm
2 )
Mφ (GeV)
Complex Scalar WIMP
Vector Int.
Ff ∝ mf
10-7
10-6
10-5
10-4
Ff × ———1GeVmf  = 10
-3
 GeV-2
CDMS II (2009) Upper Bound
XENON100 (2011) Upper Bound
FIG. 3. The spin-independent (SI) WIMP-proton cross sections (dashed lines) for complex scalar WIMPs with S and V
interactions. In the left (right) column, results are given for the case of universal couplings (Ff ∝ mf ). The upper bounds set
by CDMS II [59] and XENON100 [61] are also given in the frames for comparison.
7B. Direct detection
In this subsection we discuss the direct detection constraints on the effective scalar WIMP models described by
Eqs. (1) – (4). Direct detection experiments measure the recoil energy of the atomic nuclei when the WIMPs elastically
scatter off them. Because of the complex structure of nucleons we have to study the WIMP-nucleon interactions with
another set of effective interactions in terms of the nucleon fields, by substituting the quark field operators in Eqs. (1)
– (4) with the nucleon field operators N (N = p, n) and associating the coupling constants of these two sets of effective
interactions by the form factors of nucleons.
The velocity of the WIMP near the Earth is considered to be of the same order as the orbital velocity of the Sun,
v ≃ 0.001c, and we can safely calculate the scattering cross sections in the low velocity limit. In this limit, only
the time component of φ†i
←→
∂µφ and the spacial components of N¯γ
µγ5N survive, thus the VA interaction leads to an
elastically scattering cross section with velocity suppression. On the other hand, N¯γ5N vanishes in this limit so that
the SP interaction is not constrained by direct detection either. Therefore there is no measurable spin-dependent
(SD) WIMP-nucleon scattering. This situation can be also understood by realizing that scalar WIMPs have no spin
structure. The scattering cross sections induced by the remaining S and V interactions are both spin-independent
(SI).
The calculation of scattering cross sections is much similar to our previous calculation for fermionic DM [50], so
we will just outline the result. To compare with the result of CDMS [59] and XENON [61], the WIMP-nucleon cross
sections are given as follows:
Scalar int. : σS,φN =
m2N
4pi(Mφ +mN )2
(
FS,N√
2
)2
, (16)
Vector int. : σV,φN =
m2NM
2
φ
pi(Mφ +mN )2
(
FV,N√
2
)2
, (17)
where FN are the induced coupling constants of effective WIMP-nucleon interactions. FN are related to the couplings
to quarks Fq by form factors. For scalar interaction,
FS,N =
∑
q=u,d,s
FS,qf
N
q
mN
mq
+
∑
q=c,b,t
FS,qf
N
Q
mN
mq
, (18)
where the nucleon form factors are fpu = 0.020± 0.004, fpd = 0.026± 0.005, fps = 0.118± 0.062, fnu = 0.014± 0.003,
fnd = 0.036 ± 0.008, fns = 0.118 ± 0.062 [72, 73], and fNQ = 227 (1 − fNu − fNd − fNs ) for heavy quarks. For vector
interaction,
FV,p = 2FV,u + FV,d , FV,n = FV,u + 2FV,d , (19)
which reflect the valence quark numbers in the nucleons. For the case of real scalar WIMPs, the vector interaction
vanishes, and the scattering cross section of scalar interaction should include an additional factor 4 comparing to the
case of complex scalar WIMPs.
In Fig. 3, we show the predicted elastic scattering cross sections between complex scalar WIMP and nucleon by
different kinds of effective interactions. Then given the experimental bounds set by CDMS II [59] and XENON 100 [61],
we can derive the upper bounds of coupling constants for different WIMP masses. The SP and VA interactions are
not constrained by direct detection experiments, as stated above. Additionally, due to a difference of factor M2φ in
Eqs. (16) and (17), the predicted scattering cross section curves slope downward for scalar interactions, while they are
nearly horizontal for vector interactions. This difference is a reflection of the different dimensions of the two effective
operators.
C. Indirect detection
Compared with the direct search method for the WIMP DM at underground laboratories on Earth, an indirect
detection method concerning astrophysical effects of DM is relatively independent and complementary. This method is
used to look for the DM annihilation or decay products which include gamma rays, neutrinos, positrons, antiprotons
and so on. These particles can be detected by satellite, ground and underground cosmic ray experiments. When
propagating in the Galaxy, the charged products are deflected by Galactic magnetic fields and interact with interstellar
medium. Therefore we have to consider the propagation process of the charged particles in order to compare predictions
with observations.
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FIG. 4. The 3σ upper bounds on the coupling constants Ff from the PAMELA p¯/p ratio [67] in each complex scalar WIMP
effective model. In the left (right) column, results are given for the case of universal couplings (Ff ∝ mf ).
The propagation equation of cosmic rays in the Galaxy can be written down as [74]
∂ψ
∂t
= Q(r, p) +∇ · (Dxx∇ψ −Vc ψ) + ∂
∂p
[
p2Dpp
∂
∂p
(
1
p2
ψ
)]
− ∂
∂p
[
p˙ψ − p
3
(∇ ·Vc)ψ
]
− 1
τf
ψ − 1
τr
ψ, (20)
where ψ = ψ(r, p, t) is the number density of cosmic-ray particles per unit momentum interval, Q(r, p) is the source
term, Dxx is the spatial diffusion coefficient, Vc is the convection velocity, Dpp is the diffusion coefficient in momentum
space describing the reacceleration process, p˙ ≡ dp/dt is the momentum loss rate, τf and τr are the time scales for
fragmentation and the radioactive decay, respectively. Following our previous work [50] we consider the antiproton-
to-proton flux ratio p¯/p measured by the satellite-borne experiment PAMELA [67] to constrain the effective models.
To proceed we solve the propagation equation (20) by the numerical code GALPROP [74] and compare the solution
to the PAMELA p¯/p data.
The source term of p¯ induced by the annihilation of complex scalar WIMPs is given by
Qann (r, E) =
〈σannv〉tot
4M2φ
[∑
q
Bq
(
dNp¯
dEp¯
)
q
]
ρ2(r), q = u, d, s, c, b, t, (21)
where 〈σannv〉tot is the total annihilation rate of WIMPs to quarks, Bq is the branching ratio of each q¯q channel,
ρ(r) is the mass density distribution of the Galactic DM halo, (dNp¯/dEp¯)q is the number per unit energy interval of
the antiprotons produced by a WIMP pair-annihilation in the qq¯ channel. In particular, (dNp¯/dEp¯)q is calculated by
the Monte Carlo code PYTHIA [75]. For real scalar WIMPs, the factor 〈σannv〉tot /4M2φ in Eq. (21) is modified to
〈σannv〉tot /2M2φ since the two annihilating WIMP are indistinguishable.
The NFW profile [76] is taken to describe ρ(r) with the characteristic density ρs = 0.334 GeV cm
3 and the scale
radius rs = 20 kpc, which leads to a local DM density ρ(8.33 kpc) = 0.4 GeV cm
−3. The DM particles in the
Galactic halo obey the Maxwell-Boltzmann velocity distribution f(v0) = (Mφ/2pikBT )
3/2 exp(−Mφv20/2kBT ). Their
velocity dispersion v¯0 ≡
√
〈v20〉 =
√
3T/Mφ is taken to be the canonical value 270 km s
−1 [5]. In the calculation
9of the p¯/p spectrum with GALPROP, the Galaxy propagation model with diffusion and convection is adopted and
the half-height of the Galaxy propagation halo zh is set to be 4 kpc. The PAMELA p¯/p spectrum is best fitted by
astrophysical background with a solar modulation potential of Φ = 335 MV, which gives the minimal χ2. Under
such potential if the contribution of DM is added in, the resulted spectrum deviates from the background and gives
a larger χ2. Thus for the fixed Mφ in both the cases of universal couplings and Ff ∝ mf for each type of effective
interactions, we can derive the 3σ upper bounds on 〈σannv〉tot, which eventually set the bounds on effective coupling
constants Ff , as shown in Fig. 4.
In Fig. 4, the upper bounds set for S and SP interactions and those for V and VA interactions are nearly identical
respectively, with slight differences at Mφ ∼ mt in the case of Ff ∝ mf . The reason is the same as that explained in
Subsection II A. It is also worth noting that the upper bound curves for the operators with different dimensions have
different trends of slope, due to the additional factor M2φ in the annihilation cross sections of dimension-6 operators
(V and VA). For the case of Ff ∝ mf , downward bends at Mφ ∼ mt in the curves appear again, because of the
φφ† → tt¯ threshold effect.
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FIG. 5. Combined constraints on coupling constants Ff of complex scalar WIMPs with scalar (S) interaction from relic density,
direct detection experiments of CDMS II and XENON100, PAMELA p¯/p ratio, and validity of effective theory. The yellow
region denotes the invalid parameter space of effective field theory. The left (right) frame is shown for the case of universal
couplings (Ff ∝ mf ).
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FIG. 6. Combined constraints on coupling constants Ff of complex scalar WIMPs with vector (V) interaction from relic density,
direct detection experiments of CDMS II and XENON100, PAMELA p¯/p ratio, and validity of effective theory.
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FIG. 8. Combined constraints on coupling constants Ff of complex scalar WIMPs with vector-axialvector (VA) interaction
from relic density, PAMELA p¯/p ratio, and validity of effective theory.
D. Validity region of effective models and combined constraints
In this subsection, we will discuss the validity region where the method of effective theory can be used. Since our
previous analysis is made in both the cases of universal couplings and Ff ∝ mf , we consider them case by case in the
following.
• In the case of universal couplings, for dimension-5 operators S and SP (dimension-6 operators V and VA), Ff
can be written as Ff/
√
2 = α/Λ (Ff/
√
2 = α/Λ2), where Λ is the cutoff energy scale and α is the coupling
of the fundamental theory beyond Λ, which may be of order 1. The transfer momentum of the annihilation
process φφ† → f f¯ must be well below the cutoff, i.e., 2Mφ ≪ Λ, so that the effective theory can be used. On
the other hand, a weakly coupled UV completion of the effective theory usually requires α < 4pi such that the
perturbative method is valid [47, 77]. From the above 3 relations, we obtain
Ff ≪ 2
√
2pi
Mφ
, for S and SP interactions, (22)
Ff ≪
√
2pi
M2φ
, for V and VA interactions. (23)
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• In the case of Ff ∝ mf , for dimension-5 operators S and SP (dimension-6 operators V and VA), Ff can be
written as Ff/
√
2 = αmf/Λ
2 (Ff/
√
2 = αmf/Λ
3). Likewise, we still have 2Mφ ≪ Λ and α < 4pi. From the
above 3 relations, we obtain
Ff
mf
≪
√
2pi
M2φ
, for S and SP interactions, (24)
Ff
mf
≪ pi√
2M3φ
, for V and VA interactions. (25)
TABLE I. A summary for complex scalar WIMPs with various effective interactions. The excluded regions of Mφ given by
direct and indirect experiments are indicated.
Universal coupling
Interaction Direct detection PAMELA p¯/p
S Excluded Mφ ≃ 10 GeV − above 1 TeV Excluded Mφ ≃ 10− 73 GeV
V Excluded Mφ ≃ 10 GeV − above 1 TeV Not sensitive
SP Not sensitive Excluded Mφ ≃ 10− 73 GeV
VA Not sensitive Not sensitive
Ff ∝ mf
Interaction Direct detection PAMELA p¯/p
S Excluded Mφ ≃ 10− 168 GeV Excluded Mφ ≃ 10− 73 GeV
V Excluded Mφ ≃ 10− 100 GeV Not sensitive
SP Not sensitive Excluded Mφ ≃ 10− 73 GeV
VA Not sensitive Not sensitive
Considering the validity conditions (22) – (25) altogether with the other phenomenological constraints, we derive
the combined constraints on the effective models. In Figs. 5 and 6 we show the combined constraints on coupling
constants Ff of complex scalar WIMPs with S and V interactions from relic density, direct detection experiments
of CDMS II and XENON100, PAMELA p¯/p ratio and validity of effective theory, while in Figs. 7 and 8, we show
the combined constraints on Ff with SP and VA interactions from relic density, PAMELA p¯/p ratio and validity of
effective theory. The invalid parameter space of effective field theory is denoted by the yellow region in each figure.
The constraints are much similar between S and SP interactions, and so are those between V and VA interactions,
except that the S and V interactions are constrained by direct detection experiments, while the SP and VA interactions
are not.
There are some interesting features in Figs. 5 – 8. In the case of universal coupling for S and V interactions, the
WIMP with Mφ < 1 TeV are strongly excluded by direct detection experiments, while in the case of Ff ∝ mf , the
direct detection exclude a much smaller range ofMφ. The indirect detection constraints also rule out the WIMP with
Mφ . 70 GeV for S and SP interactions, while the constraints becomes much weaker for V and VA interactions. The
reason is that for V and VA interactions the annihilation rate (10) and (12) are of order O(T/Mφ), which lead to looser
bounds by indirect detection because of the much lower WIMP temperature today comparing with that of the WIMP
freeze-out epoch. Additionally, in the case of Ff ∝ mf the effective interactions are valid only up to Mφ ∼ TeV. A
larger WIMP mass in these cases may implies violation to our previous assumptions, such as the existence of a light
intermediate state, or the effect of resonances or coannihilations.
If the effective coupling is much weaker than that derived from the observed relic density, the thermal DM production
may overclose the Universe. Therefore the DM models in which the direct or indirect detection constraints are stronger
than that of relic density should be excluded, or else some exotic entropy generation processes should occur after DM
froze out. As a summary of the study on the scalar WIMP, in Table I, we indicate the excluded regions of Mφ given
by direct and indirect experiments for complex scalar WIMPs with various effective interactions.
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III. VECTOR DARK MATTER
In this section, we will discuss the case that DM consists of complex vector WIMPs (Xµ and its antiparticle Xµ∗).
Notable differences between this case and the case of real vector WIMPs will be remarked below. Following the
procedure in which we discuss scalar WIMPs in Section II, we construct effective interaction operators of Xµ∗-Xν-f¯ -f
type between the WIMPs and the SM fermions, which are limited only by the requirements of Hermiticity, Lorentz
invariance and CPT invariance.
The assumptions listed in Section II are also adopted. Thus the effective interaction term of Lagrangian between
two complex vector WIMPs (Xµ and Xµ∗) and two SM fermions (f and f¯) is given by only one of the following
expressions:
Scalar int. (S) : LS =
∑
f
KS,f√
2
X∗µX
µf¯ f, (26)
Vector int. (V) : LV =
∑
f
KV,f√
2
(X∗ν i
←→
∂µX
ν)f¯γµf, (27)
Tensor int. (T) : LT =
∑
f
KT,f√
2
i(X∗µXν −X∗νXµ)f¯σµνf, (28)
Scalar-Pseudoscalar int. (SP) : LSP =
∑
f
KSP,f√
2
X∗µX
µf¯ iγ5f, (29)
Vector-Axialvector int. (VA) : LVA =
∑
f
KVA,f√
2
(X∗ν i
←→
∂µX
ν)f¯γµγ5f, (30)
Alternative Vector int. (V˜) : L
V˜
=
∑
f
K˜V,f√
2
εµνρσ(X∗µ
←→
∂νXρ)f¯γσf, (31)
Alternative Vector-Axialvector int. (V˜A) : L
V˜A
=
∑
f
K˜VA,f√
2
εµνρσ(X∗µ
←→
∂νXρ)f¯γσγ5f, (32)
Alternative Tensor int. (T˜) : L
T˜
=
∑
f
K˜T,f√
2
εµνρσi(X∗µXν −X∗νXµ)f¯σρσf, (33)
where the sum of f is over all the SM fermions, and the effective coupling constants Kf are real numbers. For
the dimension-5 operators (S, SP, T and T˜), the coupling constants Kf have mass dimension of −1, while for the
dimension-6 operators (V, VA, V˜ and V˜A), Kf have mass dimension of −2. Operators with more derivatives on
the fields are not considered, since such operators are more suppressed at low energy scale due to their higher mass
dimensions. Note that for the case of real vector WIMPs, the V, T, VA and T˜ interactions vanish. In the following,
we will discuss the phenomenological constraints on Kf given by the recent results of the DM relic density, direct and
indirect detection experiments.
A. Vector WIMP annihilation and relic density
In order to calculate relic density and DM contribution in cosmic ray, the annihilation cross sections of WIMP-
antiWIMP to SM fermion-antifermion pairs are needed. For each effective model listed above, the result is given
by
σS, ann =
1
288piM4X
∑
f
(
KS,f√
2
)2
cf
√
s− 4m2f
s− 4M2X
(s− 4m2f)(s2 − 4M2Xs+ 12M4X)
s
, (34)
σV, ann =
1
432piM4X
∑
f
(
KV,f√
2
)2
cf
√
(s− 4m2f )(s− 4M2X)
(s+ 2m2f)(s
2 − 4M2Xs+ 12M4X)
s
, (35)
σT, ann =
1
216piM4X
∑
f
(
KT,f√
2
)2
cf
√
s− 4m2f
s− 4M2X
[
s2 + (8m2f + 4M
2
X)s− 16m2fM2X − 8M4X − 160
m2fM
4
X
s
]
, (36)
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FIG. 9. The predicted coupling constants Kf as functions of the vector WIMP mass MX , fixed by the observed relic density,
ΩDMh
2 = 0.1109±0.0056 [3]. Frames in the left (right) column are results given for the case of universal couplings (Kf ∝ mf ).
σSP, ann =
1
288piM4X
∑
f
(
KSP,f√
2
)2
cf
√
s− 4m2f
s− 4M2X
(s2 − 4M2Xs+ 12M4X), (37)
σVA, ann =
1
432piM4X
∑
f
(
KVA,f√
2
)2
cf
√
(s− 4m2f )(s− 4M2X)
(s− 4m2f)(s2 − 4M2Xs+ 12M4X)
s
, (38)
σ
V˜, ann =
1
108piM2X
∑
f
(
K˜V,f√
2
)2
cf
√
(s− 4m2f)(s− 4M2X)
(s− 4M2X)(s+ 2m2f )
s
, (39)
σ
V˜A, ann
=
1
108piM2X
∑
f
(
K˜VA,f√
2
)2
cf
√
(s− 4m2f)(s− 4M2X)
[
s− 4(M2X +m2f ) + 28
m2fM
2
X
s
]
, (40)
σ
T˜, ann =
1
54piM4X
∑
f
(
K˜T,f√
2
)2
cf
√
s− 4m2f
s− 4M2X
[
s2 + 4(M2X −m2f )s+ 32m2fM2X − 8M4X + 128
m2fM
4
X
s
]
, (41)
where MX is the WIMP mass. For the case of real vector WIMPs, each non-vanishing annihilation cross section
should include an additional factor of 4 because the WIMP and its antipartner are identical. After taking the thermal
average, we obtain the annihilation rates, i.e.,
〈σS, annv〉 ≃ 1
12pi
∑
f
(
KS,f√
2
)2
cf
√
1− m
2
f
M2X
[(
1− m
2
f
M2X
)
+
1
4
(
2 + 7
m2f
M2X
)
T
MX
]
, (42)
〈σV, annv〉 ≃ 1
6pi
∑
f
(
KV,f√
2
)2
cf
√
1− m
2
f
M2X
M2X
(
2 +
m2f
M2X
)
T
MX
, (43)
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FIG. 10. The predicted thermal relic density (dashed lines) of complex vector WIMPs with S, V, T, T˜, V˜ and V˜A interactions,
respectively. In the upper two frames, results are shown for the case of Kf ∝ mf with S and V interactions. In the remaining
frames, results are given for the case of universal couplings. The narrow horizontal solid band shows the range of the observed
DM relic density, ΩDMh
2 = 0.1109 ± 0.0056 [3].
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〈σT, annv〉 ≃ 1
18pi
∑
f
(
KT,f√
2
)2
cf
√
1− m
2
f
M2X
[
4
(
1− m
2
f
M2X
)
+ 3
(
2 + 9
m2f
M2X
)
T
MX
]
, (44)
〈σSP, annv〉 ≃ 1
12pi
∑
f
(
KSP,f√
2
)2
cf
√
1− m
2
f
M2X
[
1 +
2 +m2f/M
2
X
4(1−m2f/M2X)
T
MX
]
, (45)
〈σVA, annv〉 ≃ 1
3pi
∑
f
(
KVA,f√
2
)2
cf
(
1− m
2
f
M2X
)3/2
M2X
T
MX
, (46)
〈
σ
V˜, annv
〉 ≃ 5
9pi
∑
f
(
K˜V,f√
2
)2
cf
√
1− m
2
f
M2X
M2X
(
2 +
m2f
M2X
)
T 2
M2X
, (47)
〈
σ
V˜A, ann
v
〉 ≃ 1
3pi
∑
f
(
K˜VA,f√
2
)2
cf
√
1− m
2
f
M2X
m2f
T
MX
, (48)
〈
σ
T˜, annv
〉 ≃ 1
9pi
∑
f
(
K˜T,f√
2
)2
cf
√
1− m
2
f
M2X
[
8
(
1 + 2
m2f
M2X
)
+
6(2− 5m2f/M2X)(1 − 2m2f/M2X)
1−m2f/M2X
T
MX
]
. (49)
Note that in the case of V˜ interaction, 〈σannv〉 vanishes in the zeroth and the first orders of T/MX , thus we retain
the term of order T 2/M2X .
The procedure to obtain the relic density of vector WIMPs is similar to that in the case of scalar WIMPs. A
notable difference is that the degree of freedom for a vector WIMP is g = 3. Besides, since 〈σannv〉 of V˜ interaction
(47) is of order T 2/M2X , Eqs. (14) and (15) need to be extended. If σannv in the lab frame is expanded to be
σannv ≃ a0 + a1v2 + a2v4 + O(v6), we have 〈σannv〉 ≃ a0 + 6a1x−1 + (60a2 − 27a1)x−2 + O(x−3) with x ≡ MX/T .
Then the factor (a0 + 3a1x
−1
f ) in the denominator of the right-hand side of Eq. (14) should be modified to be
[a0+3a1x
−1
f +(20a2− 9a1)x−2f ], and the factor (a0+6a1x−1f ) in the square bracket of the right-hand side of Eq. (15)
should be modified to be [a0 + 6a1x
−1
f + (60a2 − 27a1)x−2f ]. For the case of real vector WIMPs, the relic density just
one half of that for the case of complex vector WIMPs given the same annihilation cross section.
In Fig. 9, the predicted coupling constants Kf fixed by the WMAP observed relic density are shown as functions
of MX . The upper two frames are plotted for dimension-5 operators (S, SP, T and T˜), while the remaining two are
plotted for dimension-6 operators (V, VA, V˜ and V˜A). Two cases of coupling constants are considered again. In the
left (right) column of the frames, results are given for universal couplings (Kf ∝ mf ). There are some interesting
features in Fig. 9:
• The curves for the case of Kf ∝ mf have sharp downward bends at MX ∼ mt. The reason is the same as that
in the case of scalar WIMPs. Even for the case of universal couplings, the curve of V˜A interaction also exhibits
the same bending behavior because of
〈
σ
V˜A, ann
v
〉 ∝ m2f .
• There are two pairs of nearly identical curves, S ≃ SP and V ≃ VA. This is because of the similarities of the
annihilation rates corresponding to these two pairs of interactions, respectively. The leading terms of these two
pairs of the annihilation rates tend to be the same whenMX is much larger than that of the final state fermions.
• The curves of V and VA interactions are obviously lower than the other two curves of V˜ and V˜A interactions.
That is due to the forms of the annihilation rates. The leading terms of the annihilation rates for V and VA
interactions are of order T/MX , while that for V˜ interaction is of order T
2/M2X . The leading term of the
annihilation rate for V˜A interaction is proportional to m2fT/MX , which is suppressed by the SM fermion masses
mf that are smaller thanMX almost in the whole region. On the other hand, the curves of T and T˜ interactions
are lower than those of S and SP interactions due to the larger zeroth order terms of the annihilation rates for
T and T˜ interactions.
In Fig. 10, we show the predicted thermal relic density ΩDMh
2 of complex vector WIMPs for S, V, T, T˜, V˜ and V˜A
interactions. The curves for SP and VA interactions are very similar to those for S and V interactions respectively, as
discussed above. In the upper two frames, results are shown for the case of Kf ∝ mf with S and V interactions. The
remaining frames give the results for the case of universal couplings. Similar to the case of scalar WIMPs, the curves
for dimension-5 operators (S, SP, T and T˜) are nearly horizontal in almost the whole mass range, while those for
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dimension-6 operators slope downward (except for those of V˜A interaction, due to
〈
σ
V˜A, ann
v
〉 ∝ m2f ). Additionally,
if resonances, coannihilations, or annihilations to final states other than fermion-antifermion pairs are significant, the
actual curves in Figs. 9 and 10 will be significantly lower than they are shown there.
B. Direct detection and indirect detection
In this subsection we discuss the direct and indirect detection constraints on the effective vector WIMP models
described by Eqs. (26) – (33). In the low velocity limit, only the scattering cross sections of S, V, T and V˜A interactions
survive, and others are suppressed by the low WIMP velocity. The S and V interactions between WIMPs and nuclei
are spin-independent (SI), while the T and V˜A interactions are spin-dependent (SD). In order to be compared with
the results of CDMS [59][60] and XENON [61][62], the WIMP-nucleon cross sections are given as follows:
Scalar int. : σS, XN =
m2N
4pi (MX +mN )
2
(
KS,N√
2
)2
, (50)
Vector int. : σV, XN =
m2NM
2
X
pi (MX +mN )
2
(
KV,N√
2
)2
, (51)
Tensor int. : σT, XN =
2m2N
pi (MX +mN )
2
(
KT,N√
2
)2
, (52)
V˜A int. : σ
V˜A, XN
=
2m2NM
2
X
pi (MX +mN )
2
(
K˜VA,N√
2
)2
, (53)
where KN (N = p, n) are the induced coupling constants of effective WIMP-nucleon interactions, related to the
couplings of WIMP-quark Kq by form factors. For S and V interactions, the relations between KN and Kq are the
same as those between FN and Fq (Eqs. (18) and (19)), respectively. For V˜A and T interactions,
K˜VA,N =
∑
q=u,d,s
K˜VA,q∆
N
q , (54)
KT,N =
∑
q=u,d,s
KT,q∆
N
q , (55)
with the form factors ∆pu = 0.842 ± 0.012, ∆pd = −0.427 ± 0.013, ∆ps = −0.085 ± 0.018 [78], ∆nu = ∆pd, ∆nd = ∆pu,
∆ns = ∆
p
s , which reflect the contributions of quark components to the nucleon spin. Note again for real vector WIMPs,
the V and T interactions vanish, and the scattering cross sections of S and V˜A interactions should include an additional
factor 4 comparing to the case of complex vector WIMPs.
To compare with the searching bounds of direct detection experiments, we plot the predicted σXN vs. MX curves
with fixed couplings. In Fig. 11, the spin-dependent WIMP-proton cross sections (dashed lines) for S and V interactions
are shown. In the left (right) column, results are given for universal couplings (Kf ∝ mf ). The upper bounds set by
CDMS II [59] and XENON100 [61] are also given in the frames. In Fig. 12, the spin-dependent (SD) WIMP-neutron
cross sections (dashed lines) for V˜A and T interactions are shown. In the left (right) column, results are given for
universal couplings (Kf ∝ mf). The upper bounds set by CDMS [60] and XENON10 [62] are also given in the frames.
From Figs. 11 and 12, we find that the experimental constraints are much stronger for SI interactions than those
for SD interactions, since the scattering amplitudes between WIMPs and nucleons in the nuclei add coherently in the
case of SI interactions. Additionally, the curves for dimension-5 operators (S and T) slope downward, while those for
dimension-6 operators (V and V˜A) remain horizontal in most range of mass. This is due to an additional factor of
M2X in Eqs. (51) and (53) comparing with Eqs. (50) and (52).
The calculation of indirect detection constraints of vector WIMPs is totally similar to that of scalar WIMPs in
Subsection II C. In Fig. 13, we show the 3σ upper bounds on the coupling constants Ff from the PAMELA p¯/p
ratio [67] in each effective complex vector WIMP model for the cases of universal couplings and Kf ∝ mf .
Duo to the similar reasons, the bounds in Fig. 13 have similar properties as the relic density bounds in Subsection
IIIA: (a) There are sharp downward bends in the curves at MX ∼ mt when 〈σannv〉 ∝ m2f or ∝ m4f . (b) There are
two pairs of interactions that have almost the identical bounds, S ≃ SP and V ≃ VA. (c) The curves of S and SP
interactions lie well above those of T and T˜ interactions, while the curves of V and VA interactions lie well below those
of V˜ and V˜A interactions. Again, we can find the explanations to these features in the annihilation rates Eqs. (42) –
Eq. (49).
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FIG. 11. The spin-independent (SI) WIMP-proton cross sections (dashed lines) for complex vector WIMPs with S and V
interactions. In the left (right) column, results are given for universal couplings (Kf ∝ mf ). The upper bounds set by CDMS
II [59] and XENON100 [61] are also given in the frames for comparison.
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FIG. 12. The spin-dependent (SD) WIMP-neutron cross sections (dashed lines) for complex vector WIMPs with V˜A and
T interactions. In the left (right) column, results are given for universal couplings (Kf ∝ mf ). The upper bounds set by
CDMS [60] and XENON10 [62] are also given in the frames for comparison.
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C. Validity region of effective models and combined constraints
Since we are using effective theory, we can only carry out our analysis below an energy cutoff scale Λ, which leads to
validity bounds on the effective couplings Kf if the perturbative theory is assumed for UV completion, as we discussed
in Subsection II D. Then for the case of universal couplings, we have
Kf ≪ 2
√
2pi
MX
, for S, SP, T and T˜ interactions, (56)
Kf ≪
√
2pi
M2X
, for V, VA, V˜ and V˜A interactions. (57)
On the other hand, for the case of Kf ∝ mf we obtain
Kf
mf
≪
√
2pi
M2X
, for S, SP, T and T˜ interactions, (58)
Kf
mf
≪ pi√
2M3X
, for V, VA, V˜ and V˜A interactions. (59)
Considering the validity conditions (56) – (59) altogether with other phenomenological constraints, we obtain the
combined constraints on the effective vector WIMP models. In Figs. 14 – 19, the combined constraints of the effective
models of S, V, T, V˜, V˜A and T˜ interactions are shown, with the yellow regions denoting the invalid parameter spaces
of effective field theory. The constraints on SP and VA interactions are very similar to those on S and V interactions
respectively, except that the SP and VA interactions are not constrained by direct detection experiments. S and V
interactions with universal couplings are stringently constrained by direct detection experiments, while the constraints
for the case ofKf ∝ mf are much looser. The direct detection bounds for SD interactions (T and V˜A) is so much looser
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FIG. 13. The 3σ upper bounds on the coupling constants Kf from the PAMELA p¯/p ratio [67] in each effective complex vector
WIMP model. In the left (right) column, results are given for universal couplings (Kf ∝ mf ).
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than those for SI interactions (S and V) that they only exclude a region of small mass in the case of V˜A interaction
with universal couplings. The constraints by PAMELA p¯/p ratio exclude the mass regions of MX . 70 GeV for
dimension-5 operators (S, SP, T and T˜), while those for dimension-6 operators (V, VA, V˜ and V˜A) are much weaker.
The reason is that for dimension-6 operators, the annihilation rates Eqs. (43), (46), (47) and (48) are of order T/MX
or T 2/M2X , which lead to much looser bounds by indirect detection because the WIMP temperature today is much
lower than that of the WIMP freeze-out epoch. In the cases of V˜ and V˜A interactions with Kf ∝ mf , large parts of
the curves set by relic density lie in the invalid regions of effective theory, which may indicate effects of resonances,
coannihilations, light intermediate states, or final states other than SM fermion pairs.
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FIG. 14. Combined constraints on coupling constants Kf of complex vector WIMPs with scalar (S) interaction from relic
density, direct detection experiments of CDMS II and XENON100, PAMELA p¯/p ratio, and validity of effective theory. The
yellow region denotes the invalid parameter space of effective field theory. The left (right) frame is shown for the case of universal
couplings (Kf ∝ mf ). The constraints from relic density, p¯/p ratio and validity of effective theory for scalar-pseudoscalar (SP)
interaction are very similar to those for scalar interaction, but direct detection experiments are not sensitive to SP interaction.
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FIG. 15. Combined constraints on coupling constants Kf of complex vector WIMPs with vector (V) interaction from relic
density, direct detection experiments of CDMS II and XENON100, PAMELA p¯/p ratio, and validity of effective theory. The
constraints from relic density, p¯/p ratio and validity of effective theory for vector-axialvector (VA) interaction are very similar
to those for vector interaction, but direct detection experiments are not sensitive to VA interaction.
As a summary of the study on the vector WIMP, in Table II, the excluded regions of MX given by direct and
indirect experiments for complex vector WIMPs with various effective interactions are shown.
IV. SPIN-3/2 DARK MATTER
In this section, we will extend our discuss to the case that DM consists of spin-3/2 fermionic WIMPs. The spin-3/2
WIMP can be described by a vector-spinor χµα which carries both a vector index µ and a spinor index α. Then a free
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FIG. 16. Combined constraints on coupling constants Kf of complex vector WIMPs with tensor (T) interaction from relic
density, direct detection experiments of CDMS and XENON10, PAMELA p¯/p ratio, and validity of effective theory.
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FIG. 17. Combined constraints on coupling constants Kf of complex vector WIMPs with alternative vector (V˜) interaction
from relic density, PAMELA p¯/p ratio, and validity of effective theory.
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FIG. 18. Combined constraints on coupling constants Kf of complex vector WIMPs with alternative vector-axialvector (V˜A)
interaction from relic density, direct detection experiments of CDMS and XENON10, PAMELA p¯/p ratio, and validity of
effective theory.
WIMP satisfies the rank-1 Rarita-Schwinger equations [79]
(i/∂ −Mχ)χµ = 0, γµχµ = 0,
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FIG. 19. Combined constraints on coupling constants Kf of complex vector WIMPs with alternative tensor (T˜) interaction
from relic density, PAMELA p¯/p ratio, and validity of effective theory.
TABLE II. A summary for complex vector WIMPs with various effective interactions. The excluded regions of MX given by
direct and indirect experiments are indicated.
Universal coupling
Interaction Direct detection PAMELA p¯/p
S Excluded MX ≃ 10 GeV − above 1 TeV Excluded MX ≃ 10− 74 GeV
V Excluded MX ≃ 10 GeV − above 1 TeV Not sensitive
T Not sensitive Excluded MX ≃ 10− 71 GeV
SP Not sensitive Excluded MX ≃ 10− 73 GeV
VA Not sensitive Not sensitive
V˜ Not sensitive Not sensitive
V˜A Excluded MX ≃ 10− 170 GeV Not sensitive
T˜ Not sensitive Excluded MX ≃ 10− 72 GeV
Kf ∝ mf
Interaction Direct detection PAMELA p¯/p
S Excluded MX ≃ 10− 172 GeV Excluded MX ≃ 10− 74 GeV
V Excluded MX ≃ 10− 157 GeV Not sensitive
T Not sensitive Excluded MX ≃ 10− 70 GeV
SP Not sensitive Excluded MX ≃ 10− 74 GeV
VA Not sensitive Not sensitive
V˜ Not sensitive Not sensitive
V˜A Not sensitive Not sensitive
T˜ Not sensitive Excluded MX ≃ 10− 72 GeV
where the spinor indices have been suppressed. From Eqs. (60), it can be seen that each component of χµ acts as
a Dirac spinor, while all the four components together are constrained by the subsidiary condition γµχ
µ = 0. By
introducing an orthogonal spin projection operator, the spin sum relations in momentum space can be derived [80, 81],
i.e.,
4∑
s=1
uµs (p)u¯
ν
s (p) = (/p+Mχ)
(
Pµν − 1
3
PµρP νσγργσ
)
, (61)
4∑
s=1
vµs (p)v¯
ν
s (p) = (/p−Mχ)
(
Pµν − 1
3
PµρP νσγργσ
)
, (62)
where s is the spin index, and uµs (p) (v
µ
s (p)) are the positive (negative) energy solutions of Eqs. (60), and P
µν ≡
gµν − pµpν/p2.
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Although spin-3/2 field theories suffer from a common problem of non-renormalizability, it is safe to consider effective
field theory below an appropriate energy cutoff. Following the assumptions in Sections II and III, we construct the
effective interaction operators of χ¯µ-χν-f -f type between the WIMPs and the SM fermions as follows,
Scalar int. (S) : LS =
∑
f
GS,f√
2
χ¯µχµf¯f, (63)
Pseudoscalar int. (P) : LP =
∑
f
GP,f√
2
χ¯µγ5χµf¯γ5f, (64)
Vector int. (V) : LV =
∑
f
GV,f√
2
χ¯ργµχρf¯γµf, (65)
Axialvector int. (A) : LA =
∑
f
GA,f√
2
χ¯ργµγ5χρf¯γµγ5f, (66)
Tensor int. 1 (T1) : LT1 =
∑
f
GT1,f√
2
χ¯µσρσχµf¯σρσf, (67)
Tensor int. 2 (T2) : LT2 =
∑
f
GT2,f√
2
i(χ¯µχν − χ¯νχµ)f¯σµνf, (68)
Tensor int. 3 (T3) : LT3 =
∑
f
GT3,f√
2
εµνρσi(χ¯µχν − χ¯νχµ)f¯σρσf, (69)
Tensor int. 4 (T4) : LT4 =
∑
f
GT4,f√
2
εµνρσχ¯τσµνχτ f¯σρσf, (70)
Tensor int. 5 (T5) : LT5 =
∑
f
GT5,f√
2
(χ¯µγ5χ
ν − χ¯νγ5χµ)f¯σµνf, (71)
Tensor int. 6 (T6) : LT6 =
∑
f
GT6,f√
2
εµνρσ(χ¯µγ5χν − χ¯νγ5χµ)f¯σρσf, (72)
Scalar-Pseudoscalar int. (SP) : LSP =
∑
f
GSP,f√
2
χ¯µχµf¯ iγ5f, (73)
Pseudoscalar-Scalar int. (PS) : LPS =
∑
f
GPS,f√
2
χ¯µiγ5χµf¯ f, (74)
Vector-Axialvector int. (VA) : LVA =
∑
f
GVA,f√
2
χ¯µγνχµf¯γνγ5f, (75)
Axialvector-Vector int. (AV) : LAV =
∑
f
GAV,f√
2
χ¯µγνγ5χµf¯γνf, (76)
where the sum of f is over all the SM fermions, and the effective coupling constants Gf are real numbers with mass
dimension of −2. Since each component of χµ looks like a Dirac spinor, the S, P, V, A, T1, T4, SP, PS, VA and AV
interactions are analogous to the S, P, V, A, T, T˜, SP, PS, VA and AV interactions defined in our previous work on
Dirac fermionic WIMPs [50], respectively. Even though the spin-3/2 fermionic WIMP has more degrees of freedom,
it is not important in the calculation of phenomenological constraints. Thus we can expect the phenomenological
constraints of spin-3/2 WIMPs are also much similar to those of Dirac fermionic WIMPs. For this reason, we just
give a brief discussion on spin-3/2 WIMPs in the following.
The annihilation cross sections of WIMP-antiWIMP to SM fermion-antifermion pairs are given by
σS, ann =
1
576piM4χ
∑
f
(
GS,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
(s− 4m2f)(s− 4M2χ)(s2 − 6M2χs+ 18M4χ)
s
, (77)
σP, ann =
1
576piM4χ
∑
f
(
GP,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
s(s2 − 2sM2χ + 10M4χ), (78)
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σV, ann =
1
432piM4χ
∑
f
(
GV,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
(s+ 2m2f )(s
3 − 2s2M2χ − 2sM4χ + 36M6χ)
s
, (79)
σA, ann =
1
432piM4χ
∑
f
(
GA,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
×
[
s3 − 4(m2f + 2M2χ)s2 + (44m2fM2χ + 26M4χ)s− 128m2fM4χ − 40M6χ + 280
m2fM
6
χ
s
]
, (80)
σT1, ann =
1
216piM4χ
∑
f
(
GT1,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
×
[
s3 + 2(m2f −M2χ)s2 + 2M2χ(M2χ + 10m2f)s+ 20M6χ − 92m2fM4χ + 400
m2fM
6
χ
s
]
, (81)
σT2, ann =
1
432piM4χ
∑
f
(
GT2,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
(
s− 4M2χ
)
×
[
s2 + 4(2m2f +M
2
χ)s− 2M2χ(2m2f + 5M2χ)− 200
m2fM
4
χ
s
]
, (82)
σT3, ann =
1
108piM4χ
∑
f
(
GT3,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
(s− 4M2χ)
×
[
s2 + 4(M2χ −m2f )s+ 10(2m2f −M2χ)M2χ + 160
m2fM
4
χ
s
]
, (83)
σT4, ann =
1
54piM4χ
∑
f
(
GT4,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
×
[
s3 + 2(m2f −M2χ)s2 + 2M2χ(M2χ − 14m2f)s+ 20M6χ + 100m2fM4χ − 320
m2fM
6
χ
s
]
, (84)
σT5, ann =
1
432piM4χ
∑
f
(
GT5,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
× [s3 + 4(2m2f +M2χ)s2 − 2M2χ(14m2f +M2χ)s− 136m2fM4χ] , (85)
σT6, ann =
1
108piM4χ
∑
f
(
GT6,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
(86)
× [s3 + 4(M2χ −m2f )s2 + 2M2χ(22m2f −M2χ)s+ 128m2fM4χ] , (87)
σSP, ann =
1
576piM4χ
∑
f
(
GSP,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
(s− 4M2χ)(s2 − 6M2χs+ 18M4χ), (88)
σPS, ann =
1
576piM4χ
∑
f
(
GPS,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
(s− 4m2f)(s2 − 2M2χs+ 10M4χ), (89)
σVA, ann =
1
432piM4χ
∑
f
(
GVA,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
(s− 4m2f )(s3 − 2M2χs2 − 2M4χs+ 36M6χ)
s
, (90)
σAV, ann =
1
432piM4χ
∑
f
(
GAV,f√
2
)2
cf
√
s− 4m2f
s− 4M2χ
(s− 4M2χ)(s+ 2m2f )(s2 − 4M2χs+ 10M4χ)
s
. (91)
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Taking the thermal average, we obtain
〈σS, annv〉 ≃ 5
24pi
∑
f
(
GS,f√
2
)2
cf
(
1− m
2
f
M2χ
)3/2
M2χ
T
Mχ
, (92)
〈σP, annv〉 ≃ 1
4pi
∑
f
(
GP,f√
2
)2
cf
√
1− m
2
f
M2χ
M2χ
[
1 +
8− 5m2f/M2χ
4(1−m2f/M2χ)
T
Mχ
]
, (93)
〈σV, annv〉 ≃ 5
18pi
∑
f
(
GV,f√
2
)2
cf
√
1− m
2
f
M2χ
M2χ
[(
1 +
1
2
m2f
M2χ
)
+
3(4− 2m2f/M2χ +m4f/M4χ)
8(1−m2f/M2χ)
T
Mχ
]
, (94)
〈σA, annv〉 ≃ 1
4pi
∑
f
(
GA,f√
2
)2
cf
√
1− m
2
f
M2χ
M2χ
[
m2f
M2χ
+
40− 116m2f/M2χ + 103m4f/M4χ
36(1−m2f/M2χ)
T
Mχ
]
, (95)
〈σT1, annv〉 ≃ 5
9pi
∑
f
(
GT1,f√
2
)2
cf
√
1− m
2
f
M2χ
M2χ
[(
1 + 2
m2f
M2χ
)
+
38− 61m2f/M2χ + 68m4f/M4χ
20(1−m2f/M2χ)
T
Mχ
]
, (96)
〈σT2, annv〉 ≃ 11
18pi
∑
f
(
GT2,f√
2
)2
cf
(
1− m
2
f
M2χ
)3/2
M2χ
T
Mχ
, (97)
〈σT3, annv〉 ≃ 22
9pi
∑
f
(
GT3,f√
2
)2
cf
√
1− m
2
f
M2χ
M2χ
(
1 + 2
m2f
M2χ
)
T
Mχ
, (98)
〈σT4, annv〉 ≃ 20
9pi
∑
f
(
GT4,f√
2
)2
cf
(
1− m
2
f
M2χ
)3/2
M2χ
[
1 +
38 + 61m2f/M
2
χ
20(1−m2f/M2χ)
T
Mχ
]
, (99)
〈σT5, annv〉 ≃ 5
9pi
∑
f
(
GT5,f√
2
)2
cf
(
1− m
2
f
M2χ
)3/2
M2χ
[
1 +
3(16 + 27m2f/M
2
χ)
20(1−m2f/M2χ)
T
Mχ
]
, (100)
〈σT6, annv〉 ≃ 20
9pi
∑
f
(
GT6,f√
2
)2
cf
√
1− m
2
f
M2χ
M2χ
[(
1 + 2
m2f
M2χ
)
+
3(16− 27m2f/M2χ + 26m4f/M4χ)
20(1−m2f/M2χ)
T
Mχ
]
, (101)
〈σSP, annv〉 ≃ 5
24pi
∑
f
(
GSP,f√
2
)2
cf
√
1− m
2
f
M2χ
M2χ
T
Mχ
, (102)
〈σPS, annv〉 ≃ 1
4pi
∑
f
(
GPS,f√
2
)2
cf
(
1− m
2
f
M2χ
)3/2
M2χ
[
1 +
8 +m2f/M
2
χ
4(1−m2f/M2χ)
T
Mχ
]
, (103)
〈σVA, annv〉 ≃ 5
18pi
∑
f
(
GVA,f√
2
)2
cf
(
1− m
2
f
M2χ
)3/2
M2χ
[
1 +
3(2 +m2f/M
2
χ)
4(1−m2f/M2χ)
T
Mχ
]
, (104)
〈σAV, annv〉 ≃ 5
18pi
∑
f
(
GAV,f√
2
)2
cf
√
1− m
2
f
M2χ
M2χ
(
1 +
1
2
m2f
M2χ
)
T
Mχ
. (105)
When calculating the relic density of spin-3/2 WIMPs, it is worth noting that the degree of freedom for a spin-3/2
fermionic WIMP is g = 4.
In the low velocity limit, the scattering cross sections of P, T3, T4, T5, T6, SP, PS, VA and AV interactions between
WIMPs and nuclei vanish. In the remaining interactions, the S and V interactions are spin-independent, while the A,
T1 and T2 interactions are spin-dependent. The WIMP-nucleon cross sections are given by
Scalar int. : σS, χN =
m2NM
2
χ
pi(Mχ +mN )2
(
GS,N√
2
)2
, (106)
Vector int. : σV, χN =
m2NM
2
χ
pi(Mχ +mN )2
(
GV,N√
2
)2
, (107)
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Axialvector int. : σA, χN =
5m2NM
2
χ
3pi(Mχ +mN )2
(
GA,N√
2
)2
, (108)
Tensor int. 1 : σT1, χN =
20m2NM
2
χ
3pi(Mχ +mN )2
(
GT1,N√
2
)2
, (109)
Tensor int. 2 : σT2, χN =
20m2NM
2
χ
3pi(Mχ +mN )2
(
GT2,N√
2
)2
, (110)
where GN (N = p, n) are the induced couplings of effective WIMP-nucleon interactions, related to the couplings of
WIMP-quark Gq by form factors. For S, V, A and T1 (or T2) interactions, the relations between GN and Gq are
similar to Eqs. (18), (19), (54) and (55), respectively. Since all the spin-3/2 WIMP effective models (63) – (76) have
effective couplings Gf with mass dimension of −2, their validity regions are similar to those indicated in Eqs. (23)
and (25).
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FIG. 20. Combined constraints on coupling constants Gf of spin-3/2 WIMPs with scalar (S) interaction from relic density [3],
direct detection experiments of CDMS II [59] and XENON100 [61], PAMELA p¯/p ratio [67], and validity of effective theory.
The yellow region denotes the invalid parameter space of effective field theory. The left (right) frame is shown for the case
of universal couplings (Gf ∝ mf ). The constraints from relic density, p¯/p ratio and validity of effective theory for scalar-
pseudoscalar (SP) interaction are very similar to those for scalar interaction, but direct detection experiments are not sensitive
to SP interaction.
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FIG. 21. Combined constraints on coupling constants Gf of spin-3/2 WIMPs with pseudoscalar (P) interaction from relic
density, PAMELA p¯/p ratio, and validity of effective theory. The constraints from relic density, p¯/p ratio and validity of
effective theory for pseudoscalar-scalar (PS) interaction are very similar to those for pseudoscalar interaction.
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FIG. 22. Combined constraints on coupling constants Gf of spin-3/2 WIMPs with vector (V) interaction from relic density,
direct detection experiments of CDMS II and XENON100, PAMELA p¯/p ratio, and validity of effective theory. The constraints
from relic density, p¯/p ratio and validity of effective theory for vector-axialvector (VA) interaction are very similar to those for
vector interaction, but direct detection experiments are not sensitive to VA interaction.
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FIG. 23. Combined constraints on coupling constants Gf of spin-3/2 WIMPs with axialvector (A) interaction from relic density,
direct detection experiments of CDMS [60] and XENON10 [62], PAMELA p¯/p ratio, and validity of effective theory.
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FIG. 24. Combined constraints on coupling constants Gf of spin-3/2 WIMPs with tensor interaction 1 (T1) from relic density,
direct detection experiments of CDMS and XENON10, PAMELA p¯/p ratio, and validity of effective theory. The constraints
from relic density, p¯/p ratio and validity of effective theory for tensor interaction 5 (T5) are very similar to those for T1
interaction, but direct detection experiments are not sensitive to T5 interaction.
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FIG. 25. Combined constraints on coupling constants Gf of spin-3/2 WIMPs with tensor interaction 2 (T2) from relic density,
direct detection experiments of CDMS and XENON10, PAMELA p¯/p ratio, and validity of effective theory.
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FIG. 26. Combined constraints on coupling constants Gf of spin-3/2 WIMPs with tensor interaction 3 (T3) from relic density,
PAMELA p¯/p ratio, and validity of effective theory.
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FIG. 27. Combined constraints on coupling constants Gf of spin-3/2 WIMPs with tensor interaction 4 (T4) from relic density,
PAMELA p¯/p ratio, and validity of effective theory. The constraints from relic density, p¯/p ratio and validity of effective theory
for tensor interaction 6 (T6) are very similar to those for T4 interaction.
The combined constraints on coupling constants Gf of the spin-3/2 WIMP effective models of S, P, V, A, T1, T2,
T3, T4 and AV interactions from relic density [3], direct detection experiments of CDMS [59, 60] and XENON [61, 62],
and PAMELA p¯/p ratio [67] are shown in Figs. 20 – 28, with the yellow regions denoting the invalid parameter spaces
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FIG. 28. Combined constraints on coupling constants Gf of spin-3/2 WIMPs with axialvector-vector (AV) interaction from
relic density, PAMELA p¯/p ratio, and validity of effective theory.
of effective field theory. The constraints on SP, PS, T5, T6 and VA interactions are very similar to those on S, P,
T1, T4 and V interactions respectively, except that the SP, T5 and VA interactions are not constrained by direct
detection experiments. As stated above, the constraints on S, P, V, A, T1, T4, SP, PS, VA and AV interactions are
much similar to those on the analogous interactions of Dirac fermionic WIMPs in our previous work [50], respectively.
In this work, however, we adopt the latest constraint of XENON100 SI direct detection [61], which is stronger than
that adopted in our previous work [50]. Thus the constraints on S and V interactions of spin-3/2 WIMPs are more
stringent than those for Dirac fermionic WIMPs we calculated before. On the other hand, the T2, T3, T5 and T6
interactions have no analogue of Dirac fermionic WIMPs. From Figs. 25 and 26, we can see that the direct detection
constraints on T2 and T3 interactions are so loose that only a little region of Mχ is excluded by SD direct detection
in the case of T2 interaction with universal couplings. In addition, the constraints by PAMELA p¯/p ratio exclude the
mass regions of Mχ . 70 GeV for T5 and T6 interactions, while it is not sensitive to T2 and T3 interactions because
their annihilation rates (97) and (98) are both of order T/Mχ. As a summary of the study on the spin-3/2 WIMP,
in Table III, the excluded regions of Mχ given by direct and indirect detection experiments for spin-3/2 fermionic
WIMPs with various effective interactions are shown.
V. CONCLUSIONS
In this work, we give a general analysis of the 4-particle interaction between SM particles and DM which consists
of scalar, vector or spin-3/2 WIMPs. The most general forms of the 4-particle operators up to dimension 6 have
been considered. We find that for scalar, vector and spin-3/2 DM, the constraints from DM relic density, DM direct
and indirect detection are complementary to each other. Thus the comparison among different kinds of experimental
results gives us a complete picture about the current DM searches. In general, the constraints from SI direct detection
are the most stringent, while those from SD direct detection are quite weak. On the other hand, for light DM (whose
mass . 70 GeV) the cosmic-ray p¯/p data can be more sensitive than direct detection or relic density in some cases.
Assuming one operator dominates the effective interaction between DM and SM fermions, we find that in some
cases the constraints are so strong that the Universe will be overclosed by DM thermal production. If the standard
cosmology is still retained, the DM models in such cases should be excluded, which are indicated in Tables I, II and III.
In the case of scalar DM, recent direct detection experiments exclude someMφ regions for S and V interactions, while
the PAMELA p¯/p ratio excludes some small Mφ regions (. 70 GeV) for S and SP interactions. In the case of vector
DM, recent direct detection experiments exclude some MX regions for S and V interactions, and for V˜A interaction
only with universal couplings. The PAMELA p¯/p ratio, however, excludes some small MX regions (. 70 GeV) for
S, T, SP and T˜ interactions, and most of these interactions cannot be excluded by direct detection. In the case of
spin-3/2 DM, the constraints on most interactions (S, P, V, A, T1, T4, SP, PS, VA and AV) are much similar to
those on their analogous interactions of Dirac fermionic DM in our previous work [50]. Besides, the constraints on
T2 and T3 interactions are so weak that only direct detection can exclude a little region of Mχ in the case of T2
interaction with universal couplings. For T5 and T6 interactions, some small Mχ regions (. 70 GeV) are excluded
by the PAMELA p¯/p ratio. Among the scalar, vector and spin-3/2 DM effective models, there are still some effective
interactions to which the recent DM direct and indirect search experiments are not sensitive at all.
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TABLE III. A summary for spin-3/2 WIMPs with various effective interactions. The excluded regions of Mχ given by direct
and indirect experiments are indicated.
Universal couplings
Interaction Direct detection PAMELA p¯/p
S Excluded Mχ ≃ 10 GeV − above 1 TeV Not sensitive
P Not sensitive Excluded Mχ ≃ 10− 70 GeV
V Excluded Mχ ≃ 10 GeV − above 1 TeV Excluded Mχ ≃ 10− 70 GeV
A Not sensitive Excluded Mχ ≃ 10− 17 GeV
T1 Not sensitive Excluded Mχ ≃ 10− 70 GeV
T2 Excluded Mχ ≃ 15− 24 GeV Not sensitive
T3 Not sensitive Not sensitive
T4 Not sensitive Excluded Mχ ≃ 10− 70 GeV
T5 Not sensitive Excluded Mχ ≃ 10− 70 GeV
T6 Not sensitive Excluded Mχ ≃ 10− 70 GeV
SP Not sensitive Not sensitive
PS Not sensitive Excluded Mχ ≃ 10− 70 GeV
VA Not sensitive Excluded Mχ ≃ 10− 70 GeV
AV Not sensitive Not sensitive
Gf ∝ mf
Interaction Direct detection PAMELA p¯/p
S Excluded Mχ ≃ 10− 240 GeV Not sensitive
P Not sensitive Excluded Mχ ≃ 10− 70 GeV
V Excluded Mχ ≃ 25− 29 GeV Excluded Mχ ≃ 10− 70 GeV
A Not sensitive Excluded Mχ ≃ 10− 30 GeV
T1 Not sensitive Excluded Mχ ≃ 10− 70 GeV
T2 Not sensitive Not sensitive
T3 Not sensitive Not sensitive
T4 Not sensitive Excluded Mχ ≃ 10− 70 GeV
T5 Not sensitive Excluded Mχ ≃ 10− 70 GeV
T6 Not sensitive Excluded Mχ ≃ 10− 70 GeV
SP Not sensitive Not sensitive
PS Not sensitive Excluded Mχ ≃ 10− 70 GeV
VA Not sensitive Excluded Mχ ≃ 10− 70 GeV
AV Not sensitive Not sensitive
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